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SUMMARY 
The problems associated with diffusion using a BBr 
i n e r t  ambient were reviewed. The problems included: 1) i n -  
cbnsis tent  r e s u l t s  w i t h  respect t o  both the v i sua l  appearance and 
sheet res is tance measurements of cel l  blanks from one diffusion 
t o  the next; 2) nonuniformity i n  the e l e c t r i c a l  charac te r i s t ics  as 
the  number of c e l l s  per diffusion w a s  increased above ten; and 3) 
rapid depletion of the l i q u i d  source i n  the  bubbler and, consequently, 
increased cost  f o r  the source. A decision was made t o  invest igate  
the po ten t i a l  of using a modified BCR 
w i t h  and without 0,, since of the three problems mentioned above, 
source i n  an 3 
di f fus ion  source process both 
3 
the  second i s  the  
sions as they are 
Varying t h e  boron 
without O2 showed 
deposition t i m e  s ; 
L 
only one which i s  a l s o  a problem w i t h  BCR 
present ly  done. 
d i f fu -  3 
deposition t i m e  i n  the standard BCR diffusion 
tha t  the s t r e s ses  were reduced w i t h  shorter  
2x6 cm c e l l s  as t h i n  as 0.006" were successfully 
3 
diffused w i t h  no bowing. 
U s e  of O2 w i t h  the BCR 
the  BCR 
blank as a g lass  layer .  This diffusion, i f  successfully optimized, 
should reproduce the low s t r e s s  c e l l s  obtained w i t h  shor te r  deposition 
times i n  the  standard BCR diffusion, as w e l l  as meet the requirements 
of special  c e l l  types f o r  a non-etching diffusion source. So far, 
t h i s  diffusion has produced c e l l s  (1 ohm cm base r e s i s t i v i t y )  w i t h  
outputs higher than 30 mW, which i s  equivalent t o  be t te r  than 11.3% 
efficiency. 
of c e l l s  diffused w i t h  t h e  standard BCR Repro- 
duc ib i l i t y  with respect t o  v i sua l  appearance, sheet res is tance,  and 
e l e c t r i c a l  output, though dependent upon the  loca t ion  of the c e l l  
blanks i n  the  diffusion zone as w e l l  as t h e i r  v e r t i c a l  o r  horizontal  
placement on the diffusion boat,was good from one diffusion t o  the 
w a s  a l s o  investigated.  In  this process 3 
r eac t s  w i t h  O2 t o  form B 0 which deposits on the  s i l i con  3 2 3  
3 
This i s  only 4 t o  5% lower than typ ica l  e f f i c i enc ie s  
3 diffusion (no 02) .  
next. Measurement of c e l l  thickness before and after diffusion 
indicated t h a t  no s i l i con  w a s  etched and diffusion of 2x6 cm blanks 
with no bowing indicated r e l a t ive ly  low s t resses .  The r e s u l t s  of 
both of these two new boron diffusion processes appear very promising 
and both should have more poten t ia l  f o r  use i n  production. 
Crucible grown P/N so lar  c e l l s  which have been l i t h i u m  diffused 
e ight  hours a t  325OC have exhibited typ ica l  e f f i c i enc ie s  of about 
10.5% with a range from 9.8 t o  11.8%. 
hundred of these c e l l s  has made it c l ea r  that  these diffusion 
parameters produce good high output l i thium ce l l s ;  however, two 
problems pecul iar  t o  these pa r t i cu la r  parameters have been observed; 
1) a s o f t  knee cha rac t e r i s t i c  and 2) excess current at s m a l l  forwarti 
and reverse biases.  
Fabricating more than two 
The s o f t  knee reduces the c e l l  output and open c i r c u i t  voltage b'ektween 
2 & d  15%. 
it has been eliminated by etching the  c e l l  edges. 
I n  more than 90% of the c e l l s  exhibi t ing the effect, 
High currents  at low forward and reverse b i a s  can be caused by tun- 
neling or Zener breakdown which i s  characterized by a so f t  reverse 
charac te r i s t ic .  The breakdown voltage i s  low and i l l -def ined.  High 
f i e l d s ,  which a re  present with narrow P-N junctions and which have 
been proposed t o  occur a t  loca l ized  points  due t o  metal prec ip i ta tes ,  
are  a prerequis i te  f o r  tunneling. 
diffused e ight  hours a t  325OC) t o  10 vo l t s  i n  the dark showec? t h a t  
tunneling w a s  indeed occurring. Measurement of 1 ohm cm P/N c e l l s  
with no lithium, and l i thium c e l l s  with diffusion parameters other  
than e ight  hours at  325OC showeathat the majority of these c e l l s  
a l s o  exhibi ted some degree of tunneling. However, only the l i th ium 
c e l l s  diffused e ight  hours at 325OC showed excessively high current 
between 0 and 0.1 vo l t  i n  the  reverse d i rec t ion  and a shunted 
cha rac t e r i s t i c  i n  the  forward d i rec t ion  when illuminated. The reason 
f o r  th i s  cor re la t ion  of tunneling t o  the  e ight  hour 325OC diffusion 
i s  not  yet c lear ,  however, some experiments a re  planned where the 
diffusion times at  325OC w i l l  be varied and t h i s  may help c l a r i f y  
t h i s  e f f e c t ,  
Reverse biasing cel ls  ( l i thium 
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1.0 INTRODUC T I  ON 
The goal of t h i s  contract  i s  t o  inves t iga te  the  effect of various 
process parameters on l i thium doped so lar  c e l l  performance. This 
program i s  a continuation of work done on JTL Contract 952547- 
Par t  I, and has been organized i n t o  f i v e  areas of study. The f i v e  
basic  areas  include: P-N diffusion s tudies ,  material  s tudies ,  
l i thium diffusion s tudies ,  spec ia l  s t ruc ture  studies and contact 
s tudies .  
The purpose of t h e  P-N diffusion s tudies  i s  t o  develop a boron 
diffusion which: 
e f f ic iency  l i thium c e l l s  due t o  reduced s t r e s ses  and 3) can be 
used for l a r g e r  area and thinner  c e l l s  ( a l so  due t o  reduced 
s t r e s s e s ) .  
1) does not e tch  s i l i con ,  2) w i l l  y ie ld  higher 
As  p a r t  of the mater ia l  studies,  parameters such as oxygen content 
of crucible  grown s i l i con  w i l l  be investigated.  
Li th ium diffusion invest igat ion w i l l  be performed i n  the  following 
Diffusion p ro f i l e s  a s  a function of c e l l  thickness 
f o r  various diffusion times and temperatures w i l l  
be analyzed. 
Additional c e l l s  w i t h  l i thium diffusions of e ight  hours 
a t  325OC w i l l  be fabr icated and studied t o  ve r i fy  that  
the  extremely high i n i t i a l  and recovered outputs can be 
made reproducibly w i t h  high y ie lds  
The diffusion t i m e  at  325OC w i l l  be varied since e ight  
hours does not seem t o  be optimum f o r  f l o a t  zone s i l i con .  
-1- 
4) Lithium evaporations w i l l  be invest igated fu r the r  i n  
order to optimize the  procedure and determine on a 
s t a t i s t i c a l  bas i s  c e l l  outpu% as a function of l i t h i u m  
application. 
In  t h e  contact studies the  performance of TiAg contacts on l i thium 
c e l l s  i n  typ ica l  specif icat ion acceptance and qua l i f ica t ion  t e s t s  
w i l l  be evaluated. 
soldered c e l l s ,  p u l l  t e s t  before and after humidity t e s t s ,  tempera- 
t u re  cycling, and evaluation of the e f f ec t s  of soldering and in t e r -  
connecting on c e l l  performance, 
The t e s t s  w i l l  include humidity t e s t i n g  of 
I n  addition to t he  experimental s tudies ,  600 l i thium doped so la r  
c e l l s  w i l l  be fabricated f o r  rad ia t ion  t e s t i n g  and analysis  by JPL. 
During this quarter  BCR 
investigated.  Also, two charac te r i s t ics ,  a s o f t  knee and excess 
current a t  low forward and reverse biases,  observed i n  l i thium 
c e l l s  diffused e ight  hours a t  325OC were studied. 
diffusions both with and without O2 were 3 
- 2- 
2.0 TECHNI CAI; D I  SCUSSION 
2.1 BORON DIFFUSION EXPERIMEPJTS 
Early i n  this quarter ,  the  problems associated with t h e  BBr diffusion 
i n  an i n e r t  ambient were reviewed. These problems included: (I) 
lnconsis tent  r e s u l t s  with respect t o  both the v isua l  appearance and 
sheet res is tance measurements of c e l l  blanks from one diffusion t o  the 
next; (2)  onuniformity i n  the  e l e c t r i c a l  cha rac t e r i s t i c s  as the number 
of c e l l s  per diffusion w a s  increased above ten;  and (3) r a p i d  depletion 
of the  l i q u i d  source i n  the  bubbler which represents an a5preciable cost  
f o r  the  source. 
3 
Relat ively s t ress - f ree  c e l l s  (both t h i n  and la rge  area c e l l s  have been 
diffused with no bowing) with e f f i c i enc ie s  of 11% (general ly  about 5% 
lower than the  output of BCR 
using the  BBr source. In  s p i t e  of these promising r e s u l t s  a decision 
was made t o  inves t iga te  several  modifications t o  the  BCR process, 
since of the  three problems mentioned above which s r e  encountered with 
the  present BBr diffusion process, the second i s  the  only one which 
i s  a problem with the BCR 
etching react ion associated with the BCR process could be minimized 
or eliminated by having oxygen present t o  form a non-etching glassy 
boron source layer .  Alternatively,  it w a s  postuhated t h a t  t he  etching 
react ion might be minimized by s inply reducing the amount of BCR 
present. It w a s  hoped t h a t  these modifications would be ab le  t o  dupli- 
cate  t h e  present s ta te-of- the-ar t  BBr diffusion with respect  t o  pro- 
ducing r e l a t i v e l y  s t ress - f ree  t h i n  and la rge  area c e l l s  without the  
problems which a r e  being encountered with the BBr diffusion.  
diffused c e l l s )  have been fabricated 
3 
3 
3 
3 
diffusion.  It w a s  postulated t h a t  t he  
3 
3 
3 
3 
3 
Therefore, t he  boron diffusion invest igat ion performed t h i s  quarter  
included experiments t o  determine t h e  f e a s i b i l i t y  of using a modifi- 
cat ion of the present BCA d i f fus ion  (without 02)  t o  produce unbowed 3 
t h i n  and l a rge  a rea  blanks as wel l  as experiments using oxygen with the 
BCA3, which i f  successful,  should not only take care of the  s t r e s s  
problem but a l s o  t h e  requirement with spec ia l  c e l l  types of a non-etching 
diffusion source. 
-3- 
BCJ Diffusions without O2 3 2.1.1 
In  order t o  determine whether the BC& diffusion process as it w a s  
car r ied  out without oxygen could be optimized f o r  diffusion of e i t h e r  
th in  c e l l s  or  la rge  area cells ,  an experiment w a s  performed i n  which 
the  boron deposition time w a s  varied. The standard BCR diffusion w a s  
performed with an 8 minute warm-up, an 8 minute deposition, and a 10 
minute drive-in time. In t h i s  experiment t he  source deposition time 
w a s  var ied from 8 minutes down t o  2 minutes. It was found t h a t  t he  
sheet res is tance which ranged from 16.3 t o  17.9 ohms/square did not 
change with t h e  boron deposition time. Even the  2 minute deposition 
time resu l ted  i n  a boron layer  su f f i c i en t  t o  produce an i n f i n i t e  
source and a good boron diffusion with measured sheet res i s tances  of 
16.3 and 17.1 ohms/square. Four out of eleven c e l l s  diffused with a 
2 minute depositZon had exceptionally good e l e c t r i c a l  cha rac t e r i s t i c s  
with outputs ranging from 31.0 t o  33.2 mW and f i l l  f ac to r s  of 0.752 
t o  0.765; however, seven of the c e l l s  had f i l l  f ac to r s  l e s s  than 0.75 
(ranging from 0.684 t o  0.746) and correspondingly lower outputs. The 
low f i l l  f ac to r s  were not confined t o  c e l l s  i n  the 8-2-10 diffusion,  
but there  w a s  a higher percentage of these poorer curve shape c e l l s  
from the  8-2-10 diffusion.  The average short  c i r c u i t  currents  of 
t h e  c e l l s  diffused with 2 and 8 minute deposit ion t i m e s  were 69.7 and 
70.6 mA, respectively,  a difference of only 0.9 m . L  
difference i n  current  for the  two d i f f e ren t  deposition times w a s  approxi- 
mately 6 mA, I n  t h e  diffusions with t h e  shor te r  deposition tiws t h e  
rounded knee or low f i l l  f a c t o r  i s  believed t o  be caused by in su f f i c i en t  
etching of the c e l l  surface,  resu l t ing  i n  incomplete removal of surface 
damage e 
3 
3 
A t  500 mV the  
Figure 1 compares the best  output c e l l s  from each diffusion (see a l s o  
Table 1). The best  c e l l  with an  8 minute boron deposition t i m e  has an 
2 output of 35.5 mW (measured a t  25OC i n  a so la r  simulator a t  140 mW/cm ), 
a short  circuit  current  of 71.9 mA, an open c i r c u i t  voltage of 626 mV, 
- 4- 
90 
60 
1. Best Output Cells fr e 
1 o h  cm crucible gr 
140 mw/cm2 m a  25%. 
-5- 
Table 1 
Elec t r i ca l  Character is t ics  of High Output P/N Cel ls  
from Experiment Invest igat ing Boron Deposition Time 
and a f i l l  f a c t o r  of 0.790. The best  c e l l  with a 2 minute boron deposi- 
t i o n  had a lower short  c i r c u i t  current,  71.1 mA, and open c i r c u i t  voltage, 
609 mV; but even with these lower values f o r  short  c i r c u i t  current and 
open c i r c u i t  voltage, the  output w a s  33.2 mW. 
I n  another experiment a 2 minute boron deposition time w a s  used f o r  a 
diffusion which included 0.004, 0.014 and 0.017 inch th ick  1x2 cm blanks 
and 0.006 and 0.014 inch th i ck  2x6 cm blanks. Figure 2 shows the  place- 
ment of the c e l l s  on the boat. The 0.004 inch th ick  1x2 cm blanks were 
placed a t  each end of the boat t o  check f o r  bowing ef fec ts .  The 2x6 cm 
blanks were placed i n  the  center  and the  0.014 and 0.017 inch th ick  
1x2 cm blanks were placed on both s ides  of the  2x6 cm blanks. 
blanks a t  the  f r o n t  of the  boat (with respect t o  the gas f l a w )  were 
bowed, while those at the  back were not, The OeOL4 and O.Ol7" 1x2 c m  
blanks as wel l  as t h e  0.006 and 0.014" 2x6 cm blanks were not bowed. 
The 0.004" 
This experiment showed t h a t  BCR l i k e  BBr can be used i n  an oxygen- 
f r e e  ambient t o  produce r e l a t i v e l y  s t r e s s - f r ee  th in  and l a rge  area boron 
diffused ce l l s .  
3 3' 
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1 x 2 cm Cells 
1 
1 
). 2 x cm Cells 
1 x :  1 C;.l lS  
: - ' ;que  2. C e l l  Place-nent OK D i f f l i s i o n  B o a t  t o  Check f o r  
Stresses ' ( .  BCR DIf"usiioo. 3 
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BCR Diffusions with O2 3 2.2.2 
A schematic of t h e  BCR 
i l l u s t r a t e d  i n  Figure 3. The individual s teps  i n  t h i s  modified boron 
d i f fus ion  process a r e  given below. 
system with O2 added t o  the  ambient gas i s  
3 
1. 
2. 
3. 
C e l l  blank warmup - c e l l  blanks are allowed t o  reach thermal 
equilibrium. Only N gas i s  flowing during t h i s  par t  of the  2 
cycle ., 
Deposition of source - t he  BCR 
l o c a l  source (B  0 ) which deposi ts  as a g l a s s  l aye r  on t h e  c e l l  
r eac t s  with O2 t o  provide the 3 
2 3  
blanks. BCa3, CJ2 and N gases a re  used. 2 
Drive-in - the  boron i n  t h e  deposited g l a s s  l aye r  d i f fuses  i n t o  
t h e  surface of t h e  c e l l  blanks. l!J2 gas i s  flawing i n  t h i s  part 
of t h e  cycle t o  remove any remaining reac tan ts  i n  t h e  d i f f u s i w  
tube 
The reac t ion  of BCR with 0 
B 0 
produces the  l o c a l  impurity source, 3 2 
according t o  t h e  react ion,  
2 3’ 
E&. 1 
and then B 0 may reac t  with s i l i con ,  
2 3  
E&. 2 2B 0 + 3Si - 3SiO + 4B 2 3  2 
2’ A t h i r d  react ion t h a t  a l s o  may occur i s  t h a t  of s i l i c o n  with 0 
Si  + 0 --+- Si02 E&* 3 2 
I n  order. t o  determine i f  these  react ions do take place a t  the  tem- 
perature of diffusion (1055OC) and t o  what extent  they proceed t o  
completion, thermodynamic values of t he  f r e e  energy reac t ion  
isotherm and equilibrium constants  were examined. 
-8- 

The standard f r e e  energy change for a react ion from reactants  t o  
products a t  STP (standard temperature and pressure, 25OC, 1 atm.) 
i s  given by, 
E&. 4 0 AF = -RTRnK 
0 R = 1.987 calories/mole - K ( ideal  gas l a w  constant)  
T = temperature ( K) 
where: 
0 
d K = f: fD /fI fi - equilibrium constant 
The react ions being considered a r e  of the form, 
a A + b B -  c C + d D  EQ. 5 
The equilibrium constant may now be calculated t o  provide informa- 
t i o n  as t o  t h e  completeness t o  which these react ions proceed. 
(1) 
AFo (BC4,) = -90.9 Kcal/mole 
AFo = x(AFoProducts) - x(AFo Reactants) 
aFo = 2(-280.4 Kcal/mole) - 4(-90.4 Kcal/mole) 
AFo = -197.2 Kcal/mole 
This computation w a s  s imilar ly  applied t o  equations 2 and 3 with the  
f ollawing r e s u l t s  : 
AFO(EQ.2) = -16.4 Kcal/mole 
@'(E&. 3) = -192.4 Kcal/mole 
(1) Handbook of Chemistry and Physics, 42nd Edition, Chemical Rubber 
Publishing Co. 
-10- 
Equation 4 may naw be used t o  calculate  t he  equilibrium constants 
for equations 1, 2 and 3. 
-197.2 x 10 3 cal/mole 
fo r  EQ. l :  RnK = AFo(l)/-RT = 
- (1.987 c a l )  (298 '~  
0 mole - K 
. .  RnK = 333 
f o r  E&, 2: RnK = 27.7 
for E&. 3: RnK = 325 
From the  values of t he  equilibrium constants obtained through these 
calculat ions t h e  f r e e  energy react ion isotherm may be calculated from 
which react ion spontaneity can be predicted according t o  the  re la t ion-  
ship,  
AF <O, spontaneous 
T /- AF = AFo+ RT knK EQ. 6 
AF >O, nonspontaneous i 
Since t h e  equilibrium constant of equation 6 i s  temperature-dependent 
as given by the  van ' t  Hoff equation, 
I- -  AH' or by simple integrat ion,  
dT RT2 
An% = RnK2g80X + - AH' (2 - - 1 )  
R 2 9 8 ' ~  T 
E&* 7 
0 Fina l ly  it becomes necessary t o  determine AH 
of temperature given by the  following expression, 
(enthalpy) as a function 
-11- 
The values of t he  enthalpy were thus determined for  t h e  temperature 
0 1328 K; these i n  turn  were subs t l tu ted  i n t o  equation 7 which provides 
t h e  values of the equilibrium constant (K)  a t  t h i s  temperature. 
F ina l ly  these values of K were were subs t i tu ted  i n  equation 6 and the  
f r e e  energy reaction isotherms ( OF ) were calculated.  
A s  indicated by equation 6, f o r  a reaction t o  be spontaneous at  a 
pa r t i cu la r  temperature, t he  value of AF <O must be satisfied. C a l -  
culat ion of AF f o r  the  react ions of equation l, 2 and 3 were made 
and a l l  three s a t i s f y  t h i s  condition. Thus a l l  three react ions can 
be expected t o  occur a t  t he  temperature used f o r  the diffusion of 
s i l i con  wafers and proceed t o  completion. 
Using chemically polished c e l l  blanks a group of th ree  diffusions 
were performed i n  which t h e  rate of O2 flow w a s  varied from 7 t o  1400 
ml./min. 
values f o r  each diffusion i n  this group. 
resu l t ing  c e l l  blanks were l e f t  with a multi-colored layer  which 
could not be removed by chemical means which d i d  not e tch the s i l i con .  
Diffusion with low O2 f l a w  r a t e s  produced a hard, black deposit on the  
ce l l s .  Since t h i s  layer  w a s  similar t o  t h a t  obtained i n  the  conven- 
t i o n a l  diffusion using BCQ 
attempted by similar means, bo i l ing  i n  hot n i t r i c  acid.  While com- 
p l e t e  removal by chemical means w a s  unsuccessful, sane of this layer  
flaked off leaving a damaged polished surface. 
s l i g h t l y  higher O2 f l a w  rate (80 ml./min) the  c e l l  blanks appeared 
t o  have a transparent g lass  layer .  These c e l l  blanks were t r ea t ed  in  
concentrated HF(49)  and measured f o r  t h e i r  sheet res is tance as well 
as f o r  the presence of a p-type layer  with the  hot-point probe. 
A l l  other system parameters were maintained a t  t h e  same 
A t  the  high O2 flow the  
i n  an i n e r t  ambient, i t s  removal was 3 
In  diffusion at 
The c r i t e r i a  used i n  the  se lec t ion  of diffused c e l l  blanks f o r  so l a r  
c e l l  fabr icat ion were taken from the  conventional BCR process, i . e . ,  
similar p-type surface concentrations as determined by sheet res i s tance  
measurements. Solar c e l l s  were then fabricated and the  I-V character-  
i s t i c s  were measured. 
3 
Figure 4 compares I-V cha rac t e r i s t i c  curves 
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2 (measured i n  a so la r  simulator a t  140 mW/cm , 2 5 O C )  of a c e l l  diffused 
by BC& with 0 and a c e l l  diffused by the  conventional BCA process 
i n  an i n e r t  N2 ambient. The c e l l  diffused i n  BCR with 0 i s  approxi- 
mately 2 mA lower a t  short  c i r c u i t  current and 1.4 mW lower in  maximum 
power; however, t h e  30.6 mW output i s  equal t o  an e f f ic iency  of 11.5%. 
The r e s u l t s  of t h i s  diffusion process have been reproducible, although 
the r epea tab i l i t y  appears t o  be dependent on the  locat ion of the c e l l  
blanks i n  the  diffusion zone as wel l  as t h e i r  v e r t i c a l  o r  horizontal  
placement on the  diffusion boat. 
3 2 3 
3 2 
To invest igate  both the  amount of s i l i con  etched, and the  s t r e s s  
e f f ec t s ,  one diffusion w a s  conducted i n  which the  c e l l  blank thick- 
nesses were measured before and a f t e r  diffusion.  
t h i ck  2x6 cm c e l l s  invest igated did not change i n  thickness nor w a s  
any bowing apparent. 
The 0.011 t o  0.014" 
While t h i s  process appears t o  be highly successful, a determination 
of i t s  f e a s i b i l i t y  f o r  la rge  c e l l  quant i t ies  s t i l l  needs t o  be made. 
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2.2 EIGHT HOUR LITl3IUM DIFFUSIONS 
More than two hundred crucible  grown P/N solar c e l l s  with typ ica l  eff i -  
c iencies  of about 10.5% and a range from 9.8 t o  11.8% have now been 
fabricated with an eight  hour l i thium diffusion at 325OC. 
this quantity of c e l l s  has made it c l ea r  t ha t  these diffusion parameters 
produce very high output l i thium cells;  hmever, problems pecul iar  t o  
these par t icu lar  parameters have been observed. These problems include 
a so f t  knee cha rac t e r i s t i c  and excess current a t  s m a l l  forward and 
reverse biases.  
Fabricating 
The s o f t  knee cha rac t e r i s t i c  var ies  and frequently a f f e c t s  the  open 
c i r c u i t  voltage as wel l  as the knee of t h e  curve. Figure 5 shows a 
c e l l  (measured i n  a 100 mW/cm2 tungsten l i g h t  source a t  25OC) with a 
s o f t  knee and an open c i r c u i t  voltage of 498 mV. 
edge etched the  short  c i r c u i t  current w a s  reduced by about 1 .5  mA, but 
the open c i r c u i t  voltage increased from 498 t o  575 mV, t he  maximum 
power, from 16.1 t o  20.4 mW and the  curve fac tor ,  from 0.67 t o  0.77. 
When t h e  c e l l  w a s  
Figure 6 shows t h e  e f f ec t  of edge etching a more typ ica l  c e l l .  
knee w a s  not as pronounced and the  improvement i n  open c i r c u i t  voltage 
with edge etching, 12  mV, w a s  2% ra ther  than t h e  15% obtained from tge 
previously described ce l l .  Although the  reason f o r  t h e  occurrence of 
t he  so f t  knee i n  c e l l s  l i thium diffused eight  hours a t  325OC has not 
been determined, it i s  obviously a surface e f f e c t  since i n  over 90% of 
the  c e l l s  measured it has been improved by etching the  c e l l  edges i n  
an €IF - HNO mixture. 
The s o f t  
3 
The second problem observed with P/N c e l l s  which have been l i thium 
diffused 8 hours a t  325OC resembles a tunneling o r  i n t e rna l  f i e l d  
emission e f fec t .  I n  the  four th  quadrant portion of t h e  I - V  character is-  
t i c  curve which i s  typ ica l ly  measured, t h e  e f f e c t  appears t o  be caused 
by high leakage current (Figure 7) -  
current w a s  measured, it w a s  fauna t o  be only 57.5pA a t  O , 7  V (Figure 8),  
however, t he  dark reverse cha rac t e r i s t i c  exhibited anomalous behavior 
i n  t h a t  the current rose rapidly t o  38 pA a t  0,1 V and then leveled off 
When the dark reverse or  leakage 
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Figure 8. D a r k  Reverse Charac te r i s t ic  of the Li thium Cel l  (#8745) Shawn i n  M 
between 0.1 and 0.7 V. Measurement of the dark forward I-V character i -  
t i c  a l s o  showed high currents a t  low voltages. 
forward I-V cha rac t e r i s t i c  curve of the same c e l l  (#8745) shown i n  
Figures 7 and 8 i s  compared to a l i thium c e l l  which w a s  diffused 90 
minutes and red is t r ibu ted  60 minutes a t  425OC (Cel l  A).  . 'The charac- 
t e r i s t i c  of Cell A approaches t h e  theo re t i ca l  l i n e a r  re la t ionship  and 
between 0.5 and 0.7 V the  current of c e l l  #8745 i s  i n  the same range; 
however, below 0.45 V the  cha rac t e r i s t i c  of c e l l  #8745 deviates dras- 
t i c a l l y  from a l i n e a r  re la t ionship  with the current being one order of 
magnitude higher a t  0.3 V and two orders of magnitude higher a t  0.1 V .  
I n t e rna l  f i e l d  emission; ie. ,  tunneling, can account f o r  anomalously 
high currents  at l o w  voltages. 
i n  t he  space change region r e s u l t  i n  considerable i n t e r n a l  f i e l d  
emission a t  very small forward biases.  
In  Figure 9 the  dark 
With narrow P-N junctions high f i e l d s  
( 2 )  
If tunneling i s  causing high current  a t  low forward and reverse b i a s  
i n  these e ight  hour l i thium diffused c e l l s ,  it i s  not due to the same 
cha rac t e r i s t i c s  as those i n  a tunnel diode i n  which both the  p and n 
l aye r s  a re  heavily doped (>lo1' atoms/cm 3 ), or i n  a backward diode 
(doping concentrations on the  p and n s ide  of the  junction are nearly 
or not qu i te  degenerate) i n  which the current i n  the  reverse direct ion 
f o r  small b i a s  i s  l a rge r  than t h e  current i n  t h e  forward direct ion.  
The l i thium c e l l  does not have 
the  reverse current  higher than t h e  forward current a t  low b ia s ,  Since 
tunneling has been proposed t o  occur at  local ized high f i e l d  points  
caused by metal precipitates,")  it i s  qui te  possible t h a t  l i thium i n  
the  junction region i s  &he cause of t h e  tunneling. 
atoms/cm3 i n  the n region nor i s  
(2) Chynaweth, A.G. and K.G. McKay, "Internal  Field Emission i n  
Si l icon P-N Junctions," 
No. 3, P. 423, May, 1957. 
P-N Junctions," Journal of Applied Physics, Vol. 31, p. 1821,1960 
The Physical Review, Vol. 106, 
(3)  Goetzberger, A. and W e  Shockley, "Metal P rec ip i t a t e s  i n  Si l icon 
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Figure 10 compares a 1 ohm cm crucible  grown P/N (no l i thium) t o  the 
l i thium c e l l  #8745. 
P/N c e l l  exhib i t s  a constant slope of 10 pA/volt u n t i l  the onset of 
avalanche breakdown between 5.8 and 5.9 vol ts .  In  the  l i thium c e l l  
there  i s  considerable softness i n  the reverse charac te r i s t ic ,  indica- 
t i v e  of tunneling or i n t e rna l  f i e l d  emission. L i t h i u m  metal precipi-  
tates may be ac t ing  as intermediate trapping l eve l s  through which a 
s e r i e s  of tunneling t r ans i t i ons  could occur. The reason f o r  the  
extremely high current f l o w  between 0 and 0,1 V may be that the  t rap-  
ping states conduct high current i n i t i a l l y ,  but then become f i l l e d  and 
reach a saturat ion leve l .  
f i e l d  emission occurs from both impurity l eve l s  and t he  valence band, 
''emission from impuri t ies  i s  an a t t r a c t i v e  hypothesis i n  t h a t  the 
reverse current a t  a par t icu lar  spot would be prevented from increas- 
Trig t oo  rapidly with voltage by t h e  r a t e  at  which the impurit ies can 
be act ivated.  The f a c t  t h a t  the forward cha rac t e r i s t i c s  ind ica te  f i e l d  
When biased i n  the  reverse direct ion the  1 ohm c m  
Chynoweth and McKay suggest t h a t  i f  i n t e rna l  
emission s t i l l  occurring a t  forward biases  of up t o  0.4 vo l t  suggests 
t h a t  emission from impurity l eve l s  i s  important I t  (4- ) 
Measurement of addi t ional  1 ohm cm P/N c e l l s  with no l i thium as w e l l  as 
c e l l s  diffused 90 minutes and red is t r ibu ted  60 or  120 minutes a t  425OC 
indicated t h a t  varying degrees of tunneling w a s  occurring i n  most of 
the  c e l l s ;  however, the forward current a t  low voltage w a s  not a f fec ted  
t o  t h e  same degree nor did the reverse current increase as rapidly be- 
tween 0 and 0.1 vol t .  At present it i s  not c l ea r  why in t e rna l  f i e l d  
emission i s  more severe with the  e ight  hour diffusion a t  325OC. 
425OC l i th ium di f fuses  through 0.018'~ of s i l i con  i n  30 minutes, s o  i n  
a 90 minute diffusion there  i s  a t  l e a s t  an hour where the l i thium i s  
diffusing i n t o  the  junction and P region and another 1 or 2 hours of 
driving l i thium i n t o  the junction and P region during red is t r ibu t ion .  
Lithium concentration p ro f i l e s  have been determined f o r  e ight  hour 
diffusions at 325OC but shorter  diffusions have not been made or evaluated 
A t  
(4 )  Chynoweth, A.G. and K. G. McKay, Op c i t ,  p. 426. 
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1 ohm crri P/W Cell w l t h  Hard Reverse Characteristic. 
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and, consequently, both t h e  length  of t i m e  required t o  d i f fuse  t o  
the  junction and the  length  of time li thium d i f fuses  i n t o  the junction 
i s  unknown. Future work w i l l  include va r i a t ions  i n  the  d i f fus ion  time 
a t  325OC and t h i s  work may provide some ins igh t  i n t o  t h i s  problem. 
Working with a lower sodium content lithium source may a l s o  reduce the  
tunneling e f f ec t ,  s ince sodium has been known t o  be a very a c t i v e  
impurity i n  semiconductor devices 
3.0 CONCLUSIONS 
By reducing the boron deposition t i m e  t he  standard BCR diffusion 
(no 02) can be used t o  diffuse t h i n  (0.004") and large area (2x6 c m )  
c e l l s  with no bowing. 
3 
In  other experiments BCR diffusions with 0 3 2 
outputs higher than 30 mW, which i s  equivalent t o  b e t t e r  than 11.3% 
efficiency. 
of c e l l s  diffused with the  standard BCR 
diffusion process can a l so  be used for l a rge  area c e l l s  since 2x6 cm 
blanks were not bowed. 
therefore,  spec ia l  ce l l  types requir ing a non-etching diffusion source 
can be made once the  diffusion i s  optimized with respect t o  e l e c t r i c a l  
have produced c e l l s  with 
This i s  only 4 t o  5% lower than typ ica l  c e l l  e f f i c i enc ie s  
diffusion (no Oe).  This 3 
Si l icon i s  not etched during the  diffusion and, 
output 0 
Typical e f f i c i enc ie s  of 10.5 t o  ll*O$ can be obtained with c e l l s  
l i thium diffused eight  hours a t  32.5 C; however, two problems have 
become apparent which cause lower e f f ic ienc ies .  These two problems 
have not been ser ious problems, since high outputs have been obtained; 
however, t he  spread i n  output could be reduced by eliminating the  prob- 
lems. One of the  problems, a s o f t  knee, can be eliminated by etching 
the  c e l l  edges. The other problem, tunneling or  i n t e rna l  f i e l d  emission, 
w a s  found t o  occur not only i n  c e l l s  l i thium diffused eight  hours a t  
325 C ,  but a l so  i n  varying degrees i n  c e l l s  with other l i thium diffusions 
parameters and 1 ohm cm P/N c e l l s  with no lithium. 
l i thium diffused eight  hours a t  325OC exhib i ted  the excessive current 
between 0 and 0.1 vo l t  i n  reverse b i a s  and t h e  shunted cha rac t e r i s t i c  
i n  t h e  forward direct ion when illuminated. 
0 
0 
However, only c e l l s  
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